We aimed to evaluate whether prolapsing leaflet-specific exercise pulmonary hypertension (PHT) exists and to identify the related mechanisms.
Introduction
The mitral valve (MV) is the only bicuspid valve in the heart. Interestingly, the two leaflets have characteristic differences in shape, circumferential length, and adjacent structures, resulting in complex haemodynamics. 1 The distinct features of the two mitral leaflets in primary degenerative mitral regurgitation (MR) are clinically relevant, especially before surgery, as different surgical techniques are chosen based on the involved leaflet. 2, 3 Several studies have demonstrated the effect of the prolapsing segment on MR severity 4, 5 and long-term mortality. 6 However, these previous studies had several major limitations: the valve haemodynamics were studied in the resting state, and the underlying mechanisms were not clarified. Recent guidelines have emphasized earlier intervention in chronic MR to prevent irreversible left ventricular (LV) dysfunction and pulmonary hypertension (PHT). 3, 7 Exercise testing has the value of unmasking latent symptoms, thus identifying those with exerciselimiting symptoms. 7 Additionally, recent studies suggest that exercise PHT is associated with symptom development and adverse cardiac events, even in the postoperative period. 8 -10 However, there are few data regarding exercise PHT in relation to prolapsing leaflets. As illustrated in Figure 1 , differentially directed MR flow based on the prolapsing leaflet, which directly affects the left atrium (LA), can be easily detected on routine echocardiography. Recent studies revealed impaired LA function and a spherically deformed LA in chronic MR, 11 -13 and these LA characteristics are associated with pulmonary pressure. 11, 12, 14 Although a deeper understanding of the LA is essential for understanding MR haemodynamics, the LA has received insufficient attention. Moreover, the impact of the differentially directed MR flow on LA characteristics, and ultimately PHT, has not been characterized.
The first aim of this study was to evaluate whether prolapsing leaflet-specific exercise PHT exists. The second aim was to identify the related mechanisms, including MV leaflet-related and LA-related factors.
Methods

Study population
Between January 2010 and December 2015, we consecutively enrolled 54 asymptomatic patients with moderate-to-severe degenerative MR due to MV prolapse and preserved LV systolic function [LV ejection fraction (EF) Doppler echocardiography and could not exercise on a bicycle were excluded from the study. When haemodynamic evaluations using Doppler echocardiography during rest and the exercise test were not optimal or were unreliable, final inclusion was also cancelled. Further, we excluded patients with concomitant significant valvular disease (n ¼ 6), atrial fibrillation with severe MR (n ¼ 1), an inability to exercise before achieving a workload of 50 W (n ¼ 1), and evidence of myocardial ischaemia (n ¼ 1). We also excluded those with bileaflet prolapse (n ¼ 10) to analyse the effect of a single prolapsing leaflet. The remaining 35 patients were finally included in this analysis and divided into the following two groups according to the location of the prolapsing leaflet: an anterior mitral leaflet (AML) group (n ¼ 17) and a posterior mitral leaflet (PML) group (n ¼ 18). The study protocol was approved by the institutional review board (IRB No. KC12OISI0875).
Stress echocardiography
Subjects underwent echocardiography at rest, followed by a bicycle exercise test that was performed in a semi-supine position on a tilting bicycle. The exercise was graded every 3 min, with an initial workload of 25 W followed by incremental increases of 25 W, and was limited by symptoms. At each exercise grade, blood pressure and heart rate measurements were performed along with 12-lead electrocardiography.
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Doppler echocardiographic measurements
Echocardiographic examinations were performed by one experienced sonographer who was blinded to the clinical data; the examinations were conducted using a Vivid E9 (GE, Vingmed Ultrasound AS, Horten, Norway) ultrasound system. Standard two-dimensional (2D) transthoracic echocardiography (TTE) was performed at rest and at each exercise grade according to the guidelines of the American Society of Echocardiography. All measurements were averaged over three cardiac cycles for patients in sinus rhythm and for five cardiac cycles in cases of atrial fibrillation. The severity of MR was quantified based on the EROA and RV, which were calculated using the proximal isovelocity surface area (PISA) method. The SPAP was derived from the modified Bernoulli equation using the peak tricuspid regurgitation velocity and the estimated right atrial pressure (RAP). The LV volume and EF were assessed in the apical four-chamber view using Simpson's method. The diastolic function was determined from the pulsed-wave Doppler signal obtained at the tips of the MV leaflets and from the tissue Doppler imaging at the septal mitral annulus. The mitral annular diameter was measured in the apical four-chamber view during the end-diastole phase. Exercise PHT was defined as SPAP . 60 mmHg. Images of the LA were acquired in the resting state. First, to evaluate LA function, the LA volume was calculated using Simpson's method. The maximal LA volume (LAV max ), defined as the volume immediately prior to MV opening, and the minimal LA volume (LAV min ), defined as the volume immediately after MV closure, were measured. The LA filling volume, which represents the LA reservoir function, was derived from the following equation: LA filling volume ¼ LAV max 2 LAV min . 11, 16 All LA volumes were indexed to body surface area. Secondly, to describe the LA shape, the LA eccentricity index (LAEi) was estimated. For this, the anteroposterior diameter of LA (D 1 ) was measured in the parasternal long-axis view, and the supero-inferior diameter of LA (D 2 ) and the mediolateral diameter of the LA (D 3 ) were measured in the apical four-chamber view. 13 The LAEi was calculated as follows:
. The LA was defined as elongated if the LAEi was ≥1.27 and as spherical if the LAEi was ,1.27.
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Statistical methods
The data are presented as the mean + standard deviation for continuous variables and as frequencies (percentages) for categorical variables. The normality of the distribution was examined prior to the analyses using the Kolmogorov-Smirnov test. To investigate exercise-induced changes, the difference (D) between the resting and peak exercise values was calculated and treated as a continuous variable. Comparisons of variables between the AML and PML groups were performed using Student's t-test, x 2 test, or Fisher's exact test, as indicated. We specifically analysed the differences between the resting and peak exercise values using a paired t-test. Serial exercise-induced changes in the SPAP (DSPAP) between groups were compared via repeated-measures analysis of variance. To test the reliability of the exercise echocardiographic parameters, the intraobserver agreement was evaluated by calculating the intraclass correlation coefficient (ICC). In general, an ICC of .0.8 indicates excellent agreement. Additionally, the relationships between variables were assessed by Pearson's correlation. A stepwise linear regression analysis was performed to identify the independent determinants for resting SPAP and DSPAP. Variables that exhibited a P-value ,0.20 in the univariate analysis and clinically relevant variables were entered into the multivariate analysis. A P , 0.05 was considered significant. All statistical analyses were performed with SPSS version 22 software (IBM Corporation, Armonk, NY, USA).
Results
Baseline characteristics
The characteristics of the 35 subjects were analysed. The mean age was 56 + 11 years, and 24 (69%) patients were men. Three patients had atrial fibrillation (8.6%). All of the patients were categorized into either the AML group (n ¼ 17) or the PML group (n ¼ 18). There were no differences in the baseline clinical characteristics between the two groups and no significant changes in the resting echocardiographic parameters ( Table 1) . The MR severity, as assessed based on the EROA and RV, did not differ between the groups.
Exercise haemodynamic characteristics based on the prolapsing leaflet
The mean systolic blood pressure and heart rate markedly increased during exercise in both groups (all P , 0.001, see Supplementary data online, Table S1 ). Of the 35 patients, 4 (11.4%) stopped exercise before reaching an initial workload of 75 W. Among them, one patient in the AML group stopped due to leg fatigue but did not exhibit any significant haemodynamic compromise. Additionally, three patients (two in the AML group and one in the PML group) stopped due to dyspnoea, with an elevated SPAP .60 mmHg. As expected, MR severity, SPAP, LV EF, and mitral annular diameter were significantly increased in both groups during exercise (see Supplementary data online, Table S1 and Figure S1 ). However, there were no significant exercise-induced changes in the E/E ′ ratio.
There was a striking difference in exercise-induced changes between the AML and PML groups (Table 2 and Figure 2) . The PML group exhibited significantly greater changes in MR severity and SPAP: DEROA (0.25 + 0.20 vs. 0.13 + 0.13 cm 2 , P ¼ 0.044), DRV (23.9 + 13.6 vs. 13.9 + 10.5 mL, P ¼ 0.022), and DSPAP (35.8 + 10.7 vs. 26.7 + 8.7 mmHg, P ¼ 0.009). The incidence of exercise PHT was higher in the PML group, but the difference was not statistically significant (66.7 vs. 35.3%, P ¼ 0.063). There were no significant differences in the other parameters, including DEF, DE/E ′ , and
Dmitral annular diameter, between the two groups. Notably, similar results of a more prominent increase in MR severity and SPAP in the PML group were obtained in the subgroup analysis confined to patients with normal sinus rhythm (see Supplementary data online, Table S2 ).
The dynamic changes in SPAP throughout the exercise period are presented in Figure 3 . The magnitude of the SPAP increase was significantly greater in the PML group compared with the AML group (P ¼ 0.011). Moreover, the pattern of SPAP increase significantly differed between the two groups (P ¼ 0.006 for the interaction).
Reliability of MR severity during exercise echocardiography
Overall, there was excellent agreement for the intraobserver measurements. The ICC regarding the resting and peak exercise EROA was 0.943 and 0.956, respectively. The ICC for the resting and peak exercise RV was 0.991 and 0.974, respectively.
Functional and morphological LA characteristics
The baseline LA characteristics are described in Table 3 . Notably, significantly smaller LA filling volumes were detected in the PML group (25.1 + 8.9 vs. 32.1 + 11.2 mL/m 2 , P ¼ 0.047), suggesting impaired LA reservoir function. Furthermore, the LAEi was significantly increased in the PML group compared with the AML group (1.43 + 0.19 vs. 1.24 + 0.25, P ¼ 0.015), indicating that the LA shape was more ellipsoidal, in contrast to the more spherical LA shape observed in the AML group (Figure 4) .
Determinants of resting SPAP and exercise-induced changes in SPAP
At rest, SPAP was positively correlated with the maximal LA volume (r ¼ 0.35, P ¼ 0.039). However, the resting MR severity (EROA: r ¼ 0.10, P ¼ 0.560; RV: r ¼ 0.07, P ¼ 0.679) did not demonstrate a significant correlation with the resting SPAP (see Supplementary data online, Table S3 ). Multiple linear regression analysis revealed that the maximal LA volume was an independent determinant of resting SPAP (b ¼ 0.101, P ¼ 0.039) after adjustment for other cofactors ( Table 4) . Table S4 ). Multiple linear regression analysis identified DRV (b ¼ 0.342, P ¼ 0.013) as an independent determinant of DSPAP ( Table 5 ). This result indicates that DRV is the most significant factor involved in determining DSPAP. 
Discussion
The current study demonstrated differential exercise haemodynamics between AML and PML prolapse in patients with primary degenerative MR. The major findings are as follows: (i) despite a similar resting SPAP, different leaflet-specific changes in SPAP developed during exercise; (ii) the PML group exhibited greater increases in exercise-induced SPAP; (iii) the PML group also exhibited a greater exercise-induced increase in MR severity; (iv) decreased LA reservoir function and a more ellipsoid LA shape were observed in the PML group; and (v) the most significant determinant of exercise-induced changes in SPAP was a change in the RV.
Impact of prolapsing leaflet on exercise-induced changes in PHT: clinical implications and related mechanisms
To the best of our knowledge, this is the first study comparing the characteristics of prolapsing MV leaflets during exercise. Here, the PML group exhibited more prominent changes in exercise PHT compared with the AML group. Although resting SPAP did not differ between the two groups, a higher peak SPAP and greater increase in SPAP during exercise were noted in the PML group. The bicycle exercise test also clarified the different trends in SPAP increases throughout exercise, demonstrating a more prominent increase in SPAP in the PML group. Considering the adverse impact of exercise PHT, 8 -10 the results of the current study are noteworthy and may support a watchful waiting strategy for AML patients and, conversely, the need for frequent follow-up for PML patients. The exact mechanism underlying this difference in exercise PHT is unclear, because numerous factors are related to exercise haemodynamics. However, our study suggests two possible mechanisms: MV leaflet-related factors (i.e. different exercise-induced RV changes) and LA-related factors.
Different RV changes according to the prolapsing leaflet
The difference in MV leaflet geometry suggests the presence of leaflet-related haemodynamic changes. 1 One may intuitively assume that an AML would result in more severe MR, considering the larger area of the anterior MV leaflet. Interestingly, however, all prior studies have reported worse outcomes associated with PMLs. 4 -6 In the current study, no significant leaflet-specific difference was observed in the resting state. However, during exercise, significantly greater MR severity and larger volume changes were noted in the PML group. From an anatomical perspective, the anterior annulus is connected to the fibrous trigone, which restrains further annular dilatation. In contrast, the posterior annulus is composed of a discontinuous rim of fibrous tissue, allowing annular enlargement. 1, 17 However, given its saddle shape, it is difficult to precisely define the exercise-induced annular dynamics using conventional 2D TTE. Indeed, the magnitude of the exercise-induced increase in the mitral annular diameter was similar between the two leaflets in the current analysis. Recently, more attempts have been made to finely characterize mitral dynamics using three-dimensional transoesophageal echocardiography. 2, 18 Clavel et al. 18 specifically reported dynamic phenotypes in a subset of MR. Interestingly, this study also revealed a more notable increase in the leaflet area during systole for PMLs than for AMLs of the diffuse myxomatous degeneration type. This observation supports our findings, given that MR developed during systole; thus, the severity of MR may be greater if the prolapsed leaflet area is larger. However, this study was not designed to compare the effects of the involved leaflet during exercise. Therefore, further studies addressing exercise-related changes in mitral geometry are needed.
Magne et al. 10 reported on exercise-induced changes in degenerative MR. They found that the EROA was increased, but that the RV was not increased by exercise. These findings differ from those of our study, in which both the EROA and RV were significantly increased by exercise. Although the exact reason for these discrepant results cannot be easily elucidated, there are several possible explanations. First, the studied populations are different. Compared with the study conducted by Magne et al., our study did not include patients with flail mitral leaflet or bileaflet prolapse, and it included a small number of patients with atrial fibrillation. Our population was 6 years younger (56 vs. 62 years), and our subjects were of Far East Asian ethnicity. Therefore, their body weights and heights are smaller than those of Europeans, and their LV (105.8 vs. 111 mL) and LA volumes (63.7 vs. 68 mL) must also differ. Secondly, variations in LA volume and compliance between the two studies might have also contributed to the differences. In other words, due to the non-compliant and larger LAs of older individuals, it might be difficult to increase the RV by exercise.
Association of MR with LA from the perspectives of function and shape
Chronic MR results in LA dilatation and remodelling due to volume overload. 11, 12, 19, 20 In routine practice, only LAV max , which represents the size of the LA, is known. In the present study, LAV max did not differ between the two groups. However, the AML group exhibited larger LA filling volumes. This finding suggests that the LA reservoir function at baseline is enhanced in the AML group, which could buffer the acute change in the RV. Recent studies also demonstrated deteriorated LA reservoir and booster pump function in moderate-to-severe MR. 14, 16 In our study, we did not analyse the booster function of the LA, because we included individuals with atrial fibrillation. Despite this limitation, reservoir function is the main function of the LA, which directly affects PHT. 21 Another finding of our current study was that the LA was spherical in the AML group and ellipsoid in the PML group. The different directions of MR flow result in different LA shapes. In turn, this difference in shape may result in differential haemodynamics during exercise. A previous study demonstrated heterogeneous regional deformity of the LA, suggesting that LA contraction and relaxation occur more in the transverse direction than longitudinally. 16 Hence, a spherically deformed LA could easily accommodate acute loading of the MR, just as an enlarged LA in chronic MR buffers the RV.
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Exercise-induced RV changes as independent determinants of exercise PHT changes
In the present study, RV severity was not associated with the magnitude of SPAP in the resting condition. However, during exercise, the RV changes were related to and an independent determinant of the SPAP changes. Our findings are consistent with those of previous studies. 8, 10 PHT is thought to be determined by different factors under static and dynamic conditions. The baseline LA characteristics contribute to PHT, regardless of the MR severity in the static state, 9, 23 whereas DRV contributes to changes in PHT in the dynamic state. 9, 10 In contrast to previous findings, the E/E ′ ratio was not associated with resting SPAP or DSPAP in the current study. This finding suggests that MR directly affects the pulmonary vasculature via the LA, unlike aortic valve disease 24 and diastolic dysfunction.
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Study limitations
First, this was a single-centre study with a relatively small number of participants. However, only those subjects with primary degenerative MR and those with a single prolapsing leaflet were enrolled. We did not include bileaflet prolapse or multi-site prolapse in this study, because we wanted to analyse the effects of single leaflet (e.g. AML or PML) prolapse on exercise PHT. Secondly, our results may not be directly applicable to MR resulting from other pathologies, such as rheumatic or functional MR. Thirdly, we included patients with moderate MR who experienced atrial fibrillation, which may have been a source of error. However, all of the measurements were averaged over five cycles to avoid heart rate variability, and subgroup analysis confined to the patients with normal sinus rhythm showed similar results. Indeed, we frequently encounter this category of patients (significant MR with atrial fibrillation, which is the natural course of volume overload), and their exercise-limiting symptoms and haemodynamic statuses must be evaluated. Fourthly, the RAP was assumed to be 5 mmHg during the resting state and during exercise, but exercise-induced RAP changes and individual variations are possible. Fifth, MR severity was measured only using the PISA method in the study. In previous studies, 8 -10 the Doppler volumetric method and PISA method were used simultaneously. Determination of MR severity using PISA could be inaccurate for very eccentric MR jets.
To maintain the reproducibility of the data using the PISA method, an experienced echo specialist (J.W.L.) thoroughly performed the measurements, and if the data were unreliable, then inclusion was cancelled. In addition, the reproducibilities of both the resting and exercise ERO and RV were relatively high (ICCs of .0.9). Sixth, we did not acquire LA images during exercise; thus, the effect of exercise-induced changes on LA characteristics could not be evaluated. Seventh, we only explored LA function and shape with 2D TTE. This technique may be insufficient to explain complex MV and LA dynamics but did provide insight into atrial adaptation in chronic MR and is widely applicable in standard practice. Finally, the absence of clinical follow-up data remains an important limitation. However, the current study was conducted to analyse the impacts of prolapsing leaflet location and 'exercise PHT' and not the long-term results. In addition, only two events occurred in both groups. Therefore, we could not add long-term follow-up data to this manuscript. Prognostic evaluation according to the prolapsing leaflet location and resulting exercise PHT is our ongoing area of focus.
Conclusions
Exercise testing revealed prolapsing leaflet-specific haemodynamic changes during exercise. Although the resting parameters of MR haemodynamics were similar between the AML and the PML groups, the latter exhibited a greater exercise-induced SPAP increase. The prominent increase in MR severity in the PML group is the main mechanism underlying this phenomenon.
